Abstract: This paper deals with the design of highperformance OTA-C continuous-time filters. The fundamental limits of both noise level and Total Harmonic Distortion (THD) are further studied. In order to reduce the THD, several linear voltage to current transducers are discussed. These techniques allow the design high-performance filters; e.g. -60 dB total harmonic distortion for input signals up to 2 volts peak to peak. Experimental results are reported.
I. lntroduction
In communication systems like radio and video frequency receivers demand high frequency and high selectivity analog filters. For the design of high performance CMOS continuous-time filters, there are several approaches but in this work only the OTA-C filtering technique is treated. Typically, the required signal to noise ratio of the OTA-C filters is in the range of 60 to 90 JB. This dynamic range is comparable to the dynamic range of the RC active and switched-capacitor realizations. A major drawback of the first generation of OTAs is the lack of very linear and efficient voltage to current transducers. The harmonic distortion components of the earlier designs were about -40 dB for input signals up to 1 Volt and, more recently, the use of linearized topologies has decreased the THD to the range of -56 dB 11-71. In this paper, design considerations for the design of full CMOS low-distortion (< -60 dB) OTA-C filters are discussed. In section 11, the major design considerations for the OTA are discussed. Also, a technique to control the Common-Mode FeedBack (CMFB) of the fully-differential OTAs is discussed. The dynamic range of the OTA-C integrator is further discussed in the section 111. In section IV, the active resistors are studied. It is shown that the output stage of the OTA can be avoided in the implementation of active resistors. The described lechniqucs are employed in the design of a high performance fourth order filler, whose experimental results are described in section V.
In the last section somc conclusions are given.
Operational Transconductance Amplifiers
The resolution ot the circuits is limited by the noise level. The signals generated b> thc i n t r i n s i c nonlinearities o f the de\ ices and due to current generated in the transistor itself, due to the random and discrete propagation of the current in the device, imposes an additional limitation t o the resolution o f the OTA-C filters. Extrinsic noise is mainly due to the signals produced by the surrounding circuitry and coupled to the system. In any case, these signals interfere with the incoming signal and make difficult to detect with sufficiently quality signals with an amplitude comparable to the noise level. Signals below this level are almost impossible to be detected. In a differential pair, the relationship between the output current and the input voltage is function of the bias current, common-mode input voltage, temperature and process parameters. A technique that allows natural linearization due to its intrinsic feedback is the source degeneration technique, see Fig. 1 . Assuming an ideal quadratic law for the transistors, the single side output current of the source degenerated structures can be described generally by with vd the differential input voltage and IB and VGS the bias current and the gate-source bias voltage of M i , respectively. VT and 131 dre determined by technological and geometncal parameters. The N factor is approximately equal to 1 + gniR for the source degenerated topology. From equation 1, it can be shown that the second harmonic distortion component HD2 ot the differential output current vanishes. For the third harmonic distortion HD3, some algebraic manipulations lead to
For the case of the single differential pair, N = 1, and for vd = VGS -VT the third harmonic distortion is about -30 dB. Certainly, the linearity can be improved by increasing the resistors of the source degenerated topology but this approach increases both silicon area and parasitic capacitors. However, the major drawback of the passive resistors is the lack of tuneability. The larger the source degeneration the better the linearity but the lower the effect of the transistors is. As a result, the transconductor can not be tuned anymore.
For this reason, several CMOS realizations of tuneable source degenerated topologies have been proposed [ 1- 7, 101 . A very linear voltage to current transducer is shown in Fig. 2 . For this topology, the single side output current is given by [lo] where K c is equal to 1+63/(p3+64) and N becomes nearly equal to 2( 1+61/(482)). From the design point of view, #33+4 is a good tradeoff leaving the factor KC equal to 1.5. For the case p1/#32=1O the factor N is equal to 7. Hence, from equation 2, for vd=VGS-VT the third harmonic distortion is equal to -64 d B ;
enabling the design of large signal and low distortion voltage to current transducers. In addition to implicit linearization in this topology, it can be shown that an additional effect increases the linear range to the order ~( V G S -V T ) 11-7,101. From 3 , the transconductance gain of the low-distortion OTA becomes J .
A fully-differential version of the low-distortion OTA discussed in the previous section is shown in Fig. 3 .
In the low-distortion OTA, with 83=84, the common mode voltage is present at nodc Vcm, see Figs 2 and 3. Hence, the common-mode voltage of the previous OTA is automatically sensed at the node vcm of the next OTA. This voltage can be used for the generation of the common-mode feedback of the previous OTA, avoiding the need of additional common-mode detection circuitry. The low distortion of the common-mode detector is automatically guaranteed because the inherently low-distortion behavior of the OTA input stage. As a result, the complexity of fully-differential structures is dratically reduced [IO] . The technique is illustrated in Fig. 4. 
OTA Dynamic Range.
The basic OTA-C continuous-time integrator is composed by the OTA and its associated capacitor, as shown in Fig. 5 . The capacitors CL and C p correspond to the designed silicon oxide capacitor and the parasitic capacitor, respectively. I t can be shown that the harmonic distortion introduced by the non-linear parasitic capacitor is below to -65 dB if CL > 5 Cp. In this paper it is assumed that this constraint is satisfied, then the harmonic distortion is characterized by expression 2. For the low-distortion voltage to current transducer of Fig. 2 , it t can be shown that most of the noise is generated by transistors M?, M3 and M 7 . If only thermal noise is accounted, the input referred noise density of the whole low-distortion OTA is where where NF is the noise factor of the low-distortion OTA. The voltage Veqo is the equivalent noise due to a single differential pair with transconductance equal to gm [4-91. In theory, Veqo is the minimum achievable noise level, NF=1.
In the noise factor NF, relationship 6, the excess noise due to the transistors associated with the low-distortion transducer is given by the term between brackets, 6+2gm7/gm. The factor 8 is in the order of 2 to 4 and represents the extra noise due to the "linearization" technique. For an OTA using a simple differential pair as an input stage this term vanishes. In OTA based circuits, the value of the OTA transconductance gm has a limited value while it is common to design the OTA with g m d g m = gm8/gm =: 10. Hence, the noise is commonly dominated by the OTA output stage transistors, Mg and in Fig. 3 . It can be noted in expression 6 that the increment of the noise level due to the transistors used for the 1ineari;lation is small, except for the noise contribution of transistors M7, except i f &m7>>gnl. In the previous section it has been shown that the linear range of the low-distortion OTA is equal to 1.41 ( V~s 1 -v~) [VRMS] . If only thermal noise is considered, the noise level of the transconductor is given by relationships 5 and 6. Hence, the dynamic range (the ratio of the OTA linear range, RMS value, to the input referred integrated noise) of the lossless integrator can be computed as with A f the frequency range of interest. This very simple expression together with equations 5 and 6 are the most powerful tools for the design of lowdistortion OTAs and integrators. In the particular case of low-pass filters the frequency range Af is almost equal to g m / C~. Therefore, the dynamic range is proportional to the square root of the load capacitor used. Hence, the larger the load capacitor CL the higher the dynamic range is.
1V. The Lossy Integrator
In general, the lossless integrators are not sufficient for the design of filters. For the implementation of full CMOS resistors the OTA in a unity feedback configuration has very often been used. The dc gain of the lossy integrator depends of the transconductances ratio. As a result, its value depends of a ratio of dimensions and a ratio of the dc bias currents. Hence, it is almost insensitive to variations of both temperature and process parameters. The output stage of the low-distortion OTA can be avoided for in the implementation of CMOS resistors, as shown in Fig. 3. Detailed analysis of the structure shows that the linear range of the "resistor" is limited by transistors M3. This range is in the order of the threshold voltage of that transistor. Typically in the order of 0.75 Volts if the bulk effects are neglected. If those effects are included, VT increases to the range of 1 Volt. This range allows to use the "resistor" for differential voltages up to 4 Vpp which is enough for most of the applications. Simulations for a 10.7 MHz lossy integrator indicate that the linear range is not reduced by the simplification of the OTA. The technique can also be applied to most of the OTAs proposed in the literature.
V. Experimental Results
An OTA and a fully-differential filter has been fabricated in a standard 1.2 pm single poly N-well CMOS process. For several chips, the bias current needed for the adjusting of the filter cutoff frequency was in the range 5.5 -7.5 pA. The single output pulse response of the OTA for a single input signal is shown in Fig. 6 . In this case, 50% of the input signal is common-mode signal and 50% is differential. For this plot, the fully-differential OTA has been loaded with a 10 pF grounded capacitor at each output and a 150 kQ floating resistor. The floating resistor does not affect the common-mode response of the integrator, leaving this job to the CMFB. While the differential output signal is of the order of * 0.3 V, the common-mode signal was very small, hidden in the noise level. The common-mode offset voltage is around 40 mV.
A Fourth order low-pass ladder filter has also been fabricated. The measurcd magnitude and phase response of the filter are shown in Fig. 7 . The ripple of the filter is 0.5 dB and the stop band attenuation is about -70 dB at 600 kHz. The output referred noise density of the filter, the OTA and the background noise density are depicted in Fig. 9 . The integrated input referred noise of the OTA, integrated from 10 Hz up to 100 kHz, is around 130 ~V R M S . In reality, in these measurements together with the OTA are the setup and the OTA used for thc common-mode feedback. The input referred noise for the single OTA is calculated in the order o f 90 ~V R M S . According to this value, the dynamic range of the OTA is in the order of 79 dB.
For the filter, including both the buffer and the setup, the measured input referred noise I S around of 450 ~V R M S , with the noise integrated from 10 Hz up to 100 ~H L .
When the noise of the setup and the noise of the buffer are subtracted, the input referred noise ofthe filter is about 350 ~V R M S . Because the harmonic distortion of the filter is lower than -60 dB for input signals up to 2 Vpp (0.7 VRMS), this leads to a filter dynamic range of around 66 dB. Additional experimental results are shown in table 1.
V1. Conclusions.
A study of the main limitations of a low-distortion operational transconductance amplifier has been carried out. However, several solutions to overcome those limitations have been proposed. It is shown that the harmonic distortion of the OTA-C filters can be reduced to the range of -60 dB for input signals as higher as 2 Volts peak to peak. This fact makes the OTA-C filters competitive with switched-capacitor and active RC structures. Experimental results for a fourth-order ladder filter demonstrate the feasibility of high performance OTA-C filter realizations.
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